Introduction {#sec1}
============

Both increased age and metabolic disorders, the latter themselves age-dependent, and associated with physical inactivity \[[@B1]\], obesity \[[@B2]\], diabetes mellitus \[[@B3]\] and metabolic syndrome \[[@B4]\] constitute cardiac health issues of increasing clinical importance. In addition, strong observational and experimental evidence also suggests links between increased age and mitochondrial dysfunction. Thus, human ageing was associated with acquired damage to mitochondrial DNA (mtDNA), clonal expansion of these somatic mutations, and respiratory chain deficiency \[[@B5]\]. An autopsy study revealed increased frequencies of defects in the terminal enzyme of cardiomyocyte respiratory chain cytochrome-*c*-oxidase with age \[[@B8]\]. Age-associated mtDNA damage and compromised respiratory chain function was also reported in various other mammalian, including mouse \[[@B9]\], rat \[[@B10]\] and rhesus monkey \[[@B11]\], species. Conversely, experimental studies in the mouse-related genetic defects increasing levels of somatic mtDNA mutations to a premature ageing syndrome \[[@B7],[@B12]\]. There is also evidence linking metabolic disorders with mitochondrial dysfunction. Analysis of atrial tissue obtained from diabetic patients during coronary artery bypass graft surgery suggested a complex I electron transport chain (ETC) abnormality and decreased state 3 respiration in cardiac mitochondria \[[@B13]\]. Similarly, obese mice fed a high-fat diet showed increased mitochondrial dysfunction, also associated with defective complex 1 \[[@B14]\].

Mitochondrial dysfunction in turn is associated with increased risks of cardiac arrhythmias which themselves represent a major source of clinical morbidity and mortality. Atrial fibrillation (AF) affects 1--3% of the developed world population \[[@B15]\]. Chronic AF increases risks of morbidity in the form of stroke \[[@B18]\] and of all-cause mortality \[[@B19]\]. Ventricular arrhythmias including ventricular fibrillation can cause sudden cardiac death, which accounts for 180000--200000 fatalities/year in the United States \[[@B22]\]. Mitochondria from chronic AF patients showed increased DNA damage \[[@B23],[@B24]\], structural abnormalities \[[@B25]\] and impaired function \[[@B23],[@B26]\]. Inherited mitochondrial disorders such as Kearns--Sayre syndrome predispose to fatal ventricular arrhythmias \[[@B27]\]. Similarly, experimental evidence also implicates mitochondrial dysfunction in arrhythmogenesis. Both acute and chronic mitochondrial dysfunction promote cardiac arrhythmogenesis in animal models \[[@B28]\]. Acute mitochondrial impairment with ischaemia--reperfusion was pro-arrhythmic in a guinea pig model which showed a ventricular fibrillation that could be suppressed by pharmacological manipulations of mitochondrial membrane potential \[[@B29],[@B30]\]. Abnormal mitochondrial structure and function were also reported in goat and dog AF models \[[@B31],[@B32]\].

Recent experimental studies have explored metabolic and cardiovascular alterations associated with mitochondrial deficiency using peroxisome-proliferator activated receptor γ (PPARγ) co-activator-1 (Pgc-1) deficient (*Pgc1^−/−^*) murine models. Pgc-1 co-activators constitute one of a number of transcriptional co-activators up-regulating catabolic processes acting on cellular energy stores in response to external stressors that result in increased energy demand that include sustained exercise or fasting. Of the three Pgc-1 family members, *Pgc-1α* and *Pgc-1β* are highly expressed in tissues with high energy requirements and mitochondrial content including heart, skeletal muscle, kidney and brown adipose tissue. In contrast, Pgc-1-related co-activator (PRC) is ubiquitously expressed across different tissues. *Pgc-1α* expression is up-regulated by physiological stimuli such as fasting, exercise and cold temperatures, adapting tissues to conditions of high energy demand. In contrast, *Pgc-1β* expression is not altered by these stimuli, consistent with roles in maintaining basal mitochondrial function \[[@B33]\]. Recent experimental studies reported that the *Pgc-1β*^−/−^ murine model shows reduced cardiac mitochondrial volume fractions and expression of ETC genes, but normal internal mitochondrial structure with no changes in cristae surface density per unit mitochondrial volume \[[@B34]\].

Subsequent reports then described electrophysiological and Ca^2+^ homoeostatic changes \[[@B35]\] extending to increased incidences of extrasystolically provoked atrial and ventricular arrhythmias that could then be attributable to slowed conduction velocity (*θ*) in the *Pgc-1β^−/−^* murine model \[[@B36]\]. The latter could only be accounted for by a combination of alterations associated both with inward Na^+^ current activation \[[@B40]\] and passive resistance to longitudinal current flow \[[@B36],[@B38],[@B41]\]. Thus, reduced maximal action potential (AP) upstroke rates (d*V*/d*t*)~max~ and Na^+^ current activation typically mediated by the cardiac Na^+^ channel, voltage-gated Na^+^ channel (Na~V~1.5), only partially accounted for the change in conduction velocity. However, fibrotic changes also observed could additionally compromise gap-junction mediated passive longitudinal current flow between cardiomyocytes, typically carried by connexins (Cx) \[[@B42]\]. Of the four main murine Cx30.2, Cx40, Cx43 and Cx45 connexin isoforms, Cx40 occurs in the intercalated discs of atrial myocytes and Cx43 occurs in the intercalated discs of both atrial and ventricular myocytes \[[@B43],[@B44]\].

However, the relative contributions of altered expression in the underlying Na~V~1.5 and connexin 40 and 43 (Cx40 and Cx43) proteins, and of modifications in their properties to the above phenotypic changes accompanying ageing and mitochondrial dysfunction is unknown. The present experiments accordingly examined expression levels of these molecules using Western blotting (WB) and immunofluorescent quantification on cardiac tissue lysates or sections, respectively. To facilitate comparisons with the previous electrophysiological investigations \[[@B36],[@B41]\], the studies were performed in both young and aged, and in both atria and ventricles of both wild-type (WT) and *Pgc-1β*^−/−^ hearts.

Materials and methods {#sec2}
=====================

The studies conformed to the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 and ethical approval by the University of Cambridge Animal Welfare and Ethical Review Body (AWERB). Briefly, homozygous *Pgc-1β*^−/−^ mice were obtained by crossing heterozygous *Pgc-1β*^−/+^ mice derived from a triple LoxP targeting system which was used to excise exons 4 and 5 of the *Pgc-1β* gene when crossing with Cre-expressing mice \[[@B34],[@B35]\]. WT and *Pgc-1β*^−/−^ C57/B6 mice were bred. They were housed in plastic cages in a temperature-controlled (21°C) room, with a 12-h light--dark cycle and free access to water, sterile chow (RM3 Maintenance Diet; SDS, Witham, Essex, U.K.), bedding and environmental stimuli. Four experimental groups of young (aged between 18 and 19 weeks) and aged (\>70 weeks), and WT and *Pgc-1β*^−/−^ yielded a 2 × 2 factorial study design. The mice were killed by cervical dislocation, their hearts excised and atria and ventricles separated for storage at −80°C for WB analysis, or fixed in formalin for paraffin embedding for immunofluorescence (IF) studies.

Antibody reagents {#sec2-1}
-----------------

WB studies used monoclonal primary antibody (dilution 1:500) to Na~V~1.5 raised in rabbits to endogenous Na~V~1.5 protein and its (190 and 135 kDa) degradation products (D9J7S \#14421; Cell Signaling Technology, Leiden, The Netherlands). WB and IF studies used polyclonal anti-Cx40 (at dilution of 1:500 for WB) raised in goat to an epitope near the C-terminus of human Cx40 (sc-20466; Santa Cruz Biotechnology, Inc. Heidelberg, Germany) and polyclonal anti-Cx43 (at a dilution of 1:1000 for both WB and IF) raised in rabbit to the C-terminal segment of the cytoplasmic domain (amino acids 363--382 with N-terminally added lysine) of human/rat Cx43 (C6219: Sigma--Aldrich, Dorset, U.K.). Polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (dilution 1:1000) was raised in rabbits to full-length native (purified) human GAPDH (ab9485: Abcam, Cambridge, U.K.). The WB studies used secondary donkey IgGs against goat (IRDye™ 800CW and 680RD; peak excitation/emission wavelengths 778/794 and 680/694 nm, respectively; dilution 1:15000) for blots of Cx40 and donkey IgGs against rabbit (IRDye™ 680RD; peak excitation/emission wavelengths 680/694 nm; dilution 1:10000) for blots of Na~V~1.5, Cx43 and GAPDH (LI-COR Biosciences, Cambridge, U.K.). The IF studies used secondary anti-rabbit IgG (Alexa Fluor 568; peak excitation/emission wavelengths 578/603 nm; dilution 1:250) raised in goats (Abcam, Cambridge, U.K.).

WB analysis of Na~V~1.5, Cx40 and Cx43 expression {#sec2-2}
-------------------------------------------------

Protein expression was quantified using sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDS/PAGE) and WB \[[@B45]\] on tissue homogenates prepared from mouse atrial and ventricular samples. For protein extraction, the samples were weighed, placed on ice, chopped into small pieces by scalpel, placed in 450 µl lysis buffer (150 mM NaCl, 25 mM tris(hydroxymethyl)aminomethane (tris), pH 7--8, 1% Triton-X100 detergent, 5 mM ethylenediaminetetraacetic acid (EDTA) and Roche® cOmplete™ mini protease inhibitor (Merck KGaA, Germany) and homogenised (Stuart® Tissue Homogeniser, Cole-Parmer, U.K.). For the ventricular samples, a further 450 µl lysis buffer was then added. The mixture was left shaking on ice for 60 min, vortexing at 0, 30 and 60 min. Samples were then separated by centrifugation at 12000 rpm for 20 min, following which the supernatant containing clear lysate was transferred into Eppendorf tubes and the pellet discarded. The lysate was assayed for protein content by bicinchoninic acid (BCA) assay (Thermo Scientific Microplate BCA Protein Assay Kit \#23252: manufacturer-recommended protocol) \[[@B46],[@B47]\]. For SDS/PAGE, the samples were incubated with a loading buffer (12.8 ml tris, pH 6.8, 3.2 g sodium dodecyl sulphate (SDS), 1.85 g dithiothreitol (DTT), 16 ml 100% glycerol, Bromophenol Blue, 11.2 ml H~2~O) in the ratio of 3:1 volume of clear lysate to loading buffer and warmed for 5 min at 70°C.

Samples were then loaded into the wells of a Mini-Protean TGX™ (Bio-Rad, U.K.), 4--15% acrylamide gradient, precast gel. For obtaining Na~V~1.5 blots, 20 µg were loaded per lane and for Cx40 and Cx43, 30 µg were loaded per lane. Samples were run and compared against a housekeeping protein (GAPDH) as a loading control. The running buffer used was tris-glycine-SDS running buffer containing 25 mM tris, 192 mM glycine, 0.1% SDS, pH 8.3 following dilution to 1× concentration with water (Bio-Rad, U.K.). A coloured protein ladder (Precision Plus Protein™ Dual Colour Standards, Bio-Rad, U.K.) was used to estimate molecular weights of protein bands. The gels were loaded into an electrophoresis tank connected to a power pack (Bio-Rad, U.K.). The electrophoresis tank was immersed in an ice bath and the gel exposed to a potential of 120 V for 30 min followed by 250 V for 20 min.

Proteins were electrophoretically transferred on to polyvinylidene fluoride (PVDF) membranes (Immobilon™ PVDF membrane, Merck KGaA, Germany) activated by 30 s immersion in methanol followed by equilibration in transfer buffer (proprietary Trans-Blot® Turbo™ Transfer Buffer, Bio-Rad, U.K.). Semi-dry transfer used a Trans-Blot® Turbo™ kit (Bio-Rad, U.K.). A stack of six sheets of filter paper (Trans-Blot® Turbo™ mini-stack, Bio-Rad, U.K.) was placed on the bottom cassette positive electrode. Upon this PVDF membrane, the acrylamide gel and a further six-sheet filter paper stack were placed, before placing the stack between an upper cassette negative electrode and the bottom cassette positive electrode, placing the cassette placed into a Trans-Blot® Turbo™ (Bio-Rad, U.K.). The transfer occurred using 1.3 A current and 25 V potential for 10 min of transfer time. The membranes were blocked with Odyssey® blocking buffer (LI-COR Biosciences, EU) for 1 h at room temperature on an orbital shaker and the membrane rinsed with PBS-T (0.1% Tween) and incubated with primary antibody diluted in Odyssey® blocking buffer diluted 33% in PBS-T, overnight at 4°C, on an orbital shaker.

After overnight incubation with the primary antibodies, the membrane was washed for 10 min in PBS-T and washed again twice. Secondary antibodies conjugated with dyes for near infrared fluorescence (NIF) with absorbance and emission spectra in the range of 600--800 nm were used. Secondary antibodies were diluted in Odyssey® blocking buffer diluted 33% in PBS-T and incubated with the membrane at room temperature for 45 min on an orbital shaker. Stripping was employed to re-probe membranes with multiple antibodies. Membranes were stripped by using NewBlot™ IR stripping buffer (LI-COR Biosciences, EU) using the manufacturer's protocol. Briefly, the stripping buffer was diluted to 1× dilution by mixing one part buffer with four parts water. The blot was incubated with this buffer for 15 min at room temperature on an orbital shaker. Incubation was followed by washing with wash buffer for 5 min, repeating the wash twice, proceeding to the blocking step as mentioned above and probing with the other antibodies.

Blots were imaged with an Odyssey® Fc imaging system (LI-COR Biosciences, EU) exciting the blots with NIF excitation and measuring emission from the secondary antibodies at 600 and 800 nm. This allowed the use of two secondary antibodies on one blot, with one image taken with a 600-nm filter and another with an 800-nm filter. The molecular weight of protein bands was estimated by comparing with the pre-stained protein ladder. Protein quantification measured intensities using Image Studio™ software (LI-COR Biosciences, EU). Background signal was defined as the median pixel intensity of a defined region surrounding the protein band, and this median value multiplied by the area of the protein band quantification box was subtracted from the total signal from the protein band to give the corrected signal for a particular protein. Relative expression of Na~V~1.5, Cx40 and Cx43 was quantified by first obtaining the ratio of corrected target protein signal to GAPDH signal. This was then converted into a relative value for groups of atria or ventricles (four groups of: young WT, old WT, young *Pgc-1β^−/−^* and old *Pgc-1β*^−/−^) by calculating the value of a corrected protein signal as a percentage of the sum of all four corrected protein signals across the four groups.

IF staining {#sec2-3}
-----------

Sectioning of paraffin wax embedded atrial and ventricular samples into 4-μm (range 3--5 μm) thickness. Following mounting on glass slides, dewaxing, rehydration and permeabilisation (using 0.1% Triton X-100 detergent) using an automated stainer, heat-induced antigen retrieval at 95°C and a pH of 9.0, washes with Tris-buffered saline (TBS) and blocking with universal blocking buffer, slides were incubated with primary antibodies at 4°C overnight, washed with TBS, and were incubated for 30 min at room temperature with secondary antibodies conjugated with Alexa Fluor™ fluorescent dye (Thermo Fisher Scientific, U.S.A.). A Nikon® Intensilight mercury-fibre epifluorescence lamp was used to provide excitation light (Nikon Instruments Europe B.V., United Kingdom). Images of the fluorescently labelled slides used a Nikon® Eclipse-Ci microscope system and Nikon® DS-Fi2 camera (Nikon Instruments Europe B.V., United Kingdom) controlled by NIS-Elements Advanced Research software (Nikon Instruments Europe B.V., U.K.). Exposure settings were set using the following criteria: the longest possible exposure time before getting software-determined saturated pixels. The signal exposure time was set as 200 ms; 40× magnification was used. Between three and four images per slide were used to calculate average values per biological replicate.

Semi-quantitative analysis of the acquired images used ImageJ software (National Institutes of Health, U.S.A.), using a superimposed histomorphometric grid method as described previously in \[[@B48]\]. Images were split into three component channels representing red and green (red corresponding to Cx43). Once split into different channels, a grid was overlaid on each image. The size of the grid was kept constant at 10000 pixels per square of the grid. This allowed for approximately 475 individual squares to be placed over an image. An investigator analysed the images blindly. Expression levels of a protein were expressed as the number of squares containing fluorescent signal as a percentage of total tissue area.

Statistical analysis {#sec2-4}
--------------------

Data are expressed as mean values ± standard errors of the mean (SEM) unless otherwise stated. Statistical tests were performed using Statistical Package for the Social Sciences (SPSS) Statistics software (IBM, U.S.A.). *n* denotes the number of biological replicates (individual animals) in each group. Data were subjected to a test of normality (Shapiro--Wilk test) and a test of homoscedasticity (Levene's test) before proceeding to two-way analysis of variance (ANOVA) to explore for significant independent and interacting effects of age and genotype, followed by post-hoc testing with Tukey's honest significant difference (HSD)test for pairwise comparisons, both to a significance level of *P*\<0.05.

Results {#sec3}
=======

The experiments explored the molecular basis of the previous electrophysiological findings (see 'Introduction' section) that associated ageing and the *Pgc-1β^−/−^* genotype with pro-arrhythmic reductions in (d*V*/d*t*)~max~ and conduction velocities (*θ*) in both the atria and the ventricles of murine hearts. The latter alterations in AP parameters were then attributed to a combination of reductions in both regenerative inward current, dependent upon Na^+^ channel activation, and reduced myocyte--myocyte coupling determining longitudinal current flow between successive cells, influenced by gap junction conductance. These electrophysiological features respectively depend upon atrial and ventricular, Na~V~1.5 (Na^+^ channel) and Cx40 and Cx43 (gap junction channel) expression and function \[[@B42],[@B49]\]. We accordingly measured and compared expression levels of Na~V~1.5, Cx40 and Cx43 in atria and ventricles from four experimental, young and aged, WT and *Pgc-1β*^−/−^ mouse groups in a 2 × 2 factorial design, matching ose adopted in the previous electrophysiological studies statistically testing for independent or interacting effects on these of increased age and *Pgc-1β*^−/−^ genotype \[[@B36]\].

Western blot assessments of atrial Na~V~1.5 expression levels {#sec3-1}
-------------------------------------------------------------

Obtaining quantified expression levels of these key proteins was first performed by WB using antibodies specific to Na~V~1.5, Cx40 and Cx43 on atrial or ventricular tissue lysates fractionated by SDS/PAGE, with at least five biological replicates per group. Results of densitometry of their Western blot digital images, and the intensities of target protein bands were compared with those of a loading GAPDH control. Complementary, independent, quantification of fluorescently immunolabelled stained images of tissue sections on at least four biological replicates per group counted areas of tissue showing fluorophore--conjugated secondary antibody fluorescence normalised to total tissue area, using a histomorphometric grid \[[@B48]\].

Increased age and *Pgc-1β^−/−^* genotype exerted markedly different effects on Na~V~1.5 and connexin expression in atria and ventricles, suggesting contrasting contributions from remodelling of protein expression and functional changes in Na~V~1.5 and connexins. Thus, increased age and *Pgc-1β*^−/−^ genotype did not affect atrial Na~V~1.5 expression, but each factor independently reduced atrial connexin expression. [Figure 1](#F1){ref-type="fig"}A shows Western blots of Na~V~1.5 obtained from atrial tissue lysates from young and aged, and WT and *Pgc-1β^−/−^* mice. [Figure 1](#F1){ref-type="fig"}B summarises densitometrically derived Na~V~1.5 expression levels, for which two-way ANOVA suggested that increased age independently decreased atrial Na~V~1.5 expression (F = 4.81, *P*=0.040). There were no independent effects of genotype (F = 0.032, *P*=0.86), or significant effects from any interaction between age and genotype (F = 2.18, *P*=0.16) on atrial Na~V~1.5 expression. However, a post-hoc Tukey's HSD test for multiple comparisons between experimental groups indicated that there were no significant differences in atrial Na~V~1.5 expression between any of the experimental groups.

![WB analysis of atrial Na~V~1.5, Cx40 and Cx43 expression\
(**A**) Representative Western blots of Na~V~1.5, Cx40, Cx43 and the housekeeping protein GAPDH, used as loading control. (**B**) Expression levels of atrial Na~V~1.5 obtained by densitometric analysis. (**C**) Expression levels of atrial Cx40 obtained by densitometric analysis. (**D**) Expression levels of atrial Cx43 expression obtained by densitometric analysis. (**E**) Control blots using lysed WT young atria or erythrocytes (RBC) together with the indicated primary and secondary antibodies. In (B--D), red boxes indicate young mice and blue boxes indicate aged mice. Primary monoclonal rabbit anti-Na~V~1.5 antibodies used at dilution 1:500; polyclonal goat anti-Cx40 used at dilution 1:500; polyclonal rabbit anti-Cx43 used at dilution 1:1000; polyclonal rabbit anti-GAPDH used at dilution 1:1000. Secondary donkey anti-goat IgG antibody used in blots staining for Cx40 at dilution 1:15000. Donkey anti-rabbit IgG antibody used at dilution 1:10000 in blots staining for Na~V~1.5, Cx43 and GAPDH. Significant *P*-values obtained by post-hoc testing with Tukey's HSD test are indicated. Abbreviations: A, aged; N, number of biological replicates per experimental group; RBC, erythrocyte; WT-Y-A, wild type young atrial.](bsr-39-bsr20190403-g1){#F1}

Western blot assessments of atrial Cx40 and Cx43 expression levels {#sec3-2}
------------------------------------------------------------------

Murine atrial myocytes express two major connexin isoforms, Cx40 and Cx43 \[[@B43],[@B44],[@B50]\]. [Figure 1](#F1){ref-type="fig"}A shows Western blots of Cx40 obtained from atrial tissue lysates from young and aged, WT and *Pgc-1β*^−/−^ mice. [Figure 1](#F1){ref-type="fig"}C summarises densitometric analyses of Cx40 expression levels. Increased age (F = 41.75, *P*\<0.0001) and *Pgc-1β*^−/−^ genotype (F = 8.58, *P*=0.0098) independently decreased atrial Cx40 expression. However, there was no significant effect of interactions between age and genotype on atrial Cx40 expression (F = 3.027, *P*=0.10). Furthermore, post-hoc testing showed that old WT and young *Pgc-1β^−/−^* atria showed reduced Cx40 expression compared with young WT atria (*P*\<0.0001, *P*=0.021, respectively) and old *Pgc-1β*^−/−^ atria showed reduced Cx40 expression compared with young *Pgc-1β^−/−^* atria (*P*=0.020). In the extreme case, old *Pgc-1β^−/−^* atria showed reduced Cx40 compared with young WT atria (*P*\<0.0001).

Finally, [Figure 1](#F1){ref-type="fig"}A,D shows Western blot results of Cx43 obtained from the atrial tissue lysates and the corresponding results of densitometric analysis from young and aged, WT and *Pgc-1β*^−/−^ mice. In common with patterns observed with atrial Cx40 expression, increased age (F = 13.96, *P*=0.0018) and *Pgc-1β*^−/−^ genotype (F = 5.79, *P*=0.029) independently decreased atrial Cx43 expression, with no interacting effects between age and genotype upon atrial Cx43 expression (F = 3.24, *P*=0.091). Furthermore, the post-hoc testing revealed that old WT and young *Pgc-1β*^−/−^ atria showed lower Cx43 expression than young WT atria (*P*=0.0061, *P*=0.040, respectively). In the extreme case, old *Pgc-1β^−/−^* atria showed reduced Cx43 expression compared with young WT atria (*P*=0.0026).

IF assessment of atrial Cx43 expression level {#sec3-3}
---------------------------------------------

Complementary studies using IF staining could successfully be performed for atrial Cx43. Quantification of atrial Cx43 by IF staining closely agreed with the WB findings. [Figure 2](#F2){ref-type="fig"}A,B shows representative images of atrial sections stained for Cx43 and the quantified atrial Cx43 expression levels. In common with the WB results, increased age and *Pgc-1β*^−/−^ genotype both independently reduced atrial Cx43 expression (F = 30.04, *P*\<0.0001 and F = 30.84, *P*\<0.0001, respectively), with no significant effects of interactions between age and genotype (F = 3.91, *P*=0.068). Subsequent post-hoc testing showed that aged WT, young *Pgc-1β^−/−^* and aged *Pgc-1β^−/−^* atria all showed decreased Cx43 expression compared with young WT atria (*P*=0.0006, *P*=0.0003, *P*\<0.0001, respectively).

![IF analysis of atrial Cx43 expression\
(**A**) Representative micrographs of Cx43 signal in stained atrial sections visualised at 40×. (**B**) Expression levels of atrial Cx43 as obtained by histomorphometric grid analysis. In (B), red boxes indicate young mice and blue boxes indicate aged mice. Primary polyclonal rabbit anti-Cx43 antibody used at dilution 1:1000; secondary goat anti-rabbit IgG antibody used at dilution 1:250. Significant *P*-values obtained by post-hoc testing with Tukey's HSD tests are indicated. Note that brightness and contrast have been adjusted to make pictures more legible in print.](bsr-39-bsr20190403-g2){#F2}

Western blot assessments of ventricular Na~V~1.5 expression levels {#sec3-4}
------------------------------------------------------------------

Ventricular tissue gave results that contrasted with those obtained from atrial tissue. *Pgc-1β* deficiency then exerted a paradoxical effect of increasing ventricular Na~V~1.5 expression in contrast with the previous evidence for a compromised Na~V~1.5 function \[[@B36],[@B41]\]. [Figure 3](#F3){ref-type="fig"}A shows Western blots of Na~V~1.5 obtained from ventricular tissue lysates from young and aged, and WT and *Pgc-1β*^−/−^ mice. Densitometric quantifications shown in [Figure 3](#F3){ref-type="fig"}B indicated that there were no significant independent effects of age on levels of Na~V~1.5 expression (F = 2.63, *P*=0.12). However, genotype exerted a significant independent effect on ventricular Na~V~1.5 expression (F = 4.90, *P*=0.042), and this was driven by a significant interacting effect of age and genotype on ventricular Na~V~1.5 expression (F = 5.41, *P*=0.034). Post-hoc testing subsequently demonstrated that ventricles from young *Pgc-1β^−/−^* animals showed increased Na~V~1.5 expression compared with those from young WT (*P*=0.025).

![WB analysis of ventricular Na~V~1.5 and Cx43 expression\
(**A**) Representative Western blots of Na~V~1.5, Cx40, Cx43 and the housekeeping protein GAPDH, used as loading control. (**B**) Expression levels of ventricular Na~V~1.5 obtained by densitometric analysis. (**C**) Expression levels of ventricular Cx43 obtained by densitometric analysis. In (B,C), red boxes indicate young mice and blue boxes indicate aged mice. (**D**) Control blots using lysed WT young atria or erythrocytes (RBC) together with the indicated primary and secondary antibodies. Primary monoclonal rabbit anti-Na~V~1.5 antibody used at dilution 1:500; polyclonal goat anti-Cx40 antibody used at dilution 1:500; polyclonal rabbit anti-Cx43 used at dilution 1:1000; polyclonal rabbit anti-GAPDH used at dilution 1:1000. Secondary donkey anti-goat IgG antibody used at dilution 1:15000 in blots staining for Cx40, and donkey anti-rabbit IgG antibody used at dilution 1:10000 in blots staining for Na~V~1.5, Cx43 and GAPDH. Significant *P*-values obtained by post-hoc testing with Tukey's HSD tests are indicated. Abbreviations: A, aged; N, number of biological replicates per experimental group; RBC, erythrocyte; WT-Y-V, wild type young ventricular.](bsr-39-bsr20190403-g3){#F3}

Western blot and IF assessments of ventricular Cx40 and Cx43 expression levels {#sec3-5}
------------------------------------------------------------------------------

In contrast with the atrial results, age and genotype exerted neither independent nor interacting effects on ventricular connexin expression. [Figure 3](#F3){ref-type="fig"}A shows Western blots of Cx40 obtained from ventricular tissue lysates from young and aged, and WT and *Pgc-1β^−/−^* mice. There was negligible ventricular Cx40 signal compared with the previously determined atrial Cx40 signal. This is expected: Cx40 is known not to occur in murine ventricular myocytes \[[@B43],[@B44],[@B50]\]. Thus, no attempt was made to perform densitometric analysis on ventricular Cx40. Cx43 is the predominant ventricular connexin \[[@B43],[@B44],[@B51]\]. [Figure 3](#F3){ref-type="fig"}A also shows Western blots of Cx43 obtained from ventricular tissue lysates from young and aged, and WT and *Pgc-1β^−/−^* mice. Cx43 expression levels estimated from densitometric analysis ([Figure 3](#F3){ref-type="fig"}C) demonstrated no significant independent effects of age (F = 0.64, *P*=0.43) or genotype (F = 2.432e-006, *P*=0.999), and no significant effect of the interaction between age and genotype (F = 1.13, *P*=0.26) on ventricular Cx43 expression. Similarly, [Figure 4](#F4){ref-type="fig"}A,B shows representative IF images of ventricular sections stained for Cx43 and quantified ventricular Cx43 expression levels. As with the Western blot results, ventricular Cx43 expression was not affected by independent effects of age or genotype (F = 3.035, *P*=0.10, and F = 0.21, *P*=0.65, respectively) or an interaction between age and genotype (F = 0.00055, *P*=0.98).

![IF analysis of ventricular Cx43 expression\
(**A**) Representative micrographs of Cx43 signal in stained ventricular sections visualised at 40×. (**B**) Expression levels of ventricular Cx43 obtained by histomorphometric grid analysis. In (B), red boxes indicate young mice and blue boxes indicate aged mice. Primary polyclonal rabbit anti-Cx43 antibody used at dilution 1:1000; secondary goat anti-rabbit IgG antibody used at dilution 1:250. Significant *P*-values obtained by post-hoc testing with Tukey's HSD tests are indicated. Note that brightness and contrast have been adjusted to make pictures more legible in print.](bsr-39-bsr20190403-g4){#F4}

Discussion {#sec4}
==========

The present experiments were prompted by previous reports describing electrophysiological and anatomical, fibrotic, pro-arrhythmic changes resulting from ageing and the *Pgc-1β* knockout in C57/B6 mouse hearts. These studies associated age and *Pgc-1β*^−/−^ genotype with increased atrial and ventricular arrhythmic tendencies. They attributed these findings to reductions in (d*V*/d*t*)~max~ and AP conduction velocities, *θ*, despite normal AP durations and refractory periods \[[@B36],[@B38],[@B41]\]. Such abnormal reductions in excitation of regenerative activity are also associated with arrhythmic conditions such as the Brugada Syndrome and its murine replicates \[[@B50]\]. The reduced (d*V*/d*t*)~max~ observed in those earlier experiments was attributable to compromised Na^+^ channel function \[[@B42]\] through observations of reduced peak Na~V~1.5 currents in loose patch clamped young and aged *Pgc-1β^−/−^* compared with WT hearts *in situ* \[[@B40]\]. However, in both atria and ventricles of young and aged WT, the relationship of (1/*θ*) against (d*V*/d*t*)~max~ differed, while the corresponding plots from young and aged *Pgc-1β*^−/−^ were both similar to that of aged WT; the latter findings suggest a reduction in conductance of local intercellular current flow between cardiomyocytes. Local intercellular current in turn depends upon gap junction mediated myocyte--myocyte electrical coupling \[[@B42]\], dependent upon connexins (Cx). Of the four main murine Cx30.2, Cx40, Cx43 and Cx45 isoforms, Cx40 occurs in atrial and Cx43 occurs in both atrial and ventricular myocytes \[[@B43],[@B44],[@B50]\]. The relationships between various determinants of *θ* are presented in a summary diagram in [Figure 5](#F5){ref-type="fig"}. Altered longitudinal resistances could then arise from decreased gap junction function potentially arising from the accompanying fibrotic changes.

![Proposed mechanistic links among Na~V~1.5 channels, gap junctions and conduction velocity\
(**A**) Circuit diagram schematic of the classical cable theory model of longitudinal conduction across cardiomyocytes. *I*~Na~ refers to the inward Na^+^ current that is carried by Na~V~1.5 channels, the conductance of which is represented by the term g~Na~. *r*~a~ refers to the longitudinal intercellular conductance along cardiomyocytes, which acts in the direction of AP propagation (dotted arrow). *c*~m~ and *r*~m~ refer to the capacitance and resistance of a quiescent region of adjacent membrane. In boxes, possible mechanisms that may reduce conduction velocity connected by arrow to the term of the cable equation which they affect. (**B**) The *r*~a~ term can be further broken down into two resistance values lying in series: *r*~j~, representing the resistance at gap junctions, and *r*~cyt~, the resistance within a cardiomyocyte arising due to the cytoplasm.](bsr-39-bsr20190403-g5){#F5}

These underlying functional alterations in otherwise normally expressed Na~V~1.5 and Cx40 and/or Cx43 function could arise directly from altered homoeostatic conditions associated with ageing or the *Pgc-1β^−/−^* genotype. Mitochondrial dysfunction increases reactive oxygen species (ROS) production up to ten-fold \[[@B52]\]. ROS decrease early Na^+^ current \[[@B53]\], modify Na^+^ and L-type Ca^2+^ channel inactivation kinetics, increase late Na^+^ current and oxidise RyR2 increasing SR Ca^2+^ leak thereby modulating intracellular Ca^2+^ cycling \[[@B54]\]. The associated increases in \[NADH\]~i~ also produced rapid onsets of dose-dependent (20--100 μM), persistent, approximately ≤50%, reductions in maximum Na^+^ current in HEK cells expressing human Na~V~1.5, despite unchanged activation and inactivation voltage dependences and mRNA and protein expression \[[@B57],[@B58]\].

*Pgc-1β*^−/−^ cardiomyocytes also demonstrated altered Ca^2+^ homoeostasis evidenced in increased amplitudes of electrically evoked Ca^2+^ transients, extrasystolic Ca^2+^ release events associated with early and delayed after depolarisations, and propagated diastolic Ca^2+^ waves following such Ca^2+^ release events \[[@B35]\]. These could directly or indirectly modulate Na~V~1.5. Thus Ca^2+^ could directly bind to EF-hand intracellular motifs in Na~V~1.5, bind with EF-hand motifs on Ca^2+^-calmodulin (CaM) that in turn reacts with IQ sites on Na~V~1.5, or bind to CaM-dependent kinase II (CaMKII) activating its phosphorylating, inhibitory action on Na~V~1.5 \[[@B59],[@B60]\]. Finally, recent reports demonstrated that both genetic modifications in RyR2 \[[@B59]\] and acute activation of protein kinase A (PKA)-independent exchange protein increase ryanodine receptor mediated sarcoplasmic reticular Ca^2+^ release \[[@B61]\] with reversible Na^+^ channel effects \[[@B62]\]. Similarly, altered Ca^2+^ homoeostasis elevating cytosolic \[Ca^2+^\] leads to gap junction closure reducing intercellular coupling \[[@B63]\]. Raised intracellular \[Ca^2+^\] may also activate a calcineurin-dependent Cx43 phosphorylation decreasing cell--cell coupling in guinea pig cardiomyocytes \[[@B66]\]. Increased intracellular \[Ca^2+^\] has been implicated in gap junction uncoupling following ischaemic injury in rabbit models \[[@B42]\].

Alternatively, mitochondrial dysfunction accompanying age and *Pgc-1β* deletion may down-regulate Na~V~1.5, Cx40 and Cx43 protein expression either through actions at the transcriptional or translational/trafficking level. ROS can decrease Na~V~1.5 transcription and the consequent channel expression. An alternative splicing then produces non-functional Na~V~1.5 with reduced Na^+^ current \[[@B67]\]. Similarly, altered Na~V~1.5 expression was observed in Western blot studies applied to *RyR2-P2328S* hearts exhibiting increased sarcoplasmic reticular Ca^2+^ release \[[@B60]\]. Additionally, elevated intracellular NADH activates protein kinase C, which inhibits Na^+^ current in the absence of altered mRNA levels, suggesting post-transcriptional effects \[[@B58],[@B67]\]. ROS also reduce Cx43 trafficking and function \[[@B28],[@B68],[@B69]\]. ROS up-regulates the tyrosine kinase c-Src which through phosphorylation inhibits Cx43 function \[[@B67]\].

The experiments in the present study explored the extent to which altered molecular Na~V~1.5, Cx40 and Cx43 expression as opposed to functional effects might contribute to the observed pro-arrhythmic electrophysiological phenotypes in ageing and *Pgc-1β*^−/−^, atria and ventricles. WB and immunofluorescent quantification on both atrial and ventricular tissue lysates or sections compared protein expression levels in experimental groups of young and aged, and WT and *Pgc-1β*^−/−^ experimental groups in a 2 × 2 factorial design that paralleled those adopted in previous electrophysiological studies \[[@B36],[@B41]\].

In the ***atria***, neither increased age nor *Pgc-1β* deficiency affected Na~V~1.5 protein levels whether independently or with interaction. This finding is consistent with prior studies of aged and Pgc-1*β* deficient mice that have shown no change in RNA levels of Scn5a, the gene coding for Na~V~1.5 \[[@B70]\]. However, both factors of age and genotype independently decreased atrial Cx40 and Cx43 expression levels. This could potentially contribute to a decreased coupling between cardiomyocytes and the previously observed pro-arrhythmic reduction in atrial conduction velocities \[[@B37],[@B38]\]. Previous reports have associated AF in both animals and humans with abnormal Cx40 expression. Epicardial electrode array mapping studies have shown that Cx40^−/−^ mice are known to have increased atrial arrhythmogenicity, with reduced atrial AP conduction velocities \[[@B71]\]. Functional implications of the observed reductions in Cx43 expression may be more complex. Isolated murine Cx43^+/−^ hearts do not show reduced atrial AP conduction velocities or atrial arrhythmias even with application of aggressive electrical pacing protocols \[[@B51]\]. This comparison suggests that Cx40 expression is more critical to atrial conduction and arrhythmogenesis than that of Cx43. Furthermore, atrial conduction velocities may also depend on relative expression levels of Cx40 and Cx43. Progressively decreased Cx40 expression in cultured neonatal murine atrial myocytes paradoxically increased conduction velocities likely reflecting accompanying up-regulated Cx43 expression \[[@B43]\]. Finally, adult atria do not show the neonatal pattern of increased Cx43 expression at gap junctions upon Cx40 deletion \[[@B43]\]. Similarly, studies of tissue derived from human patients undergoing bypass surgery demonstrated negative correlations between both Cx40 expression levels and the proportion of Cx40 relative to total connexin (i.e. \[Cx40\]/\[Cx43 + Cx40\]) with measurements of atrial AP conduction velocity during sinus rhythm \[[@B44]\]. Imposition of 2 Hz electrical pacing then converted this relationship between proportional Cx40 expression and *θ* into a positive correlation \[[@B44]\].

In contrast, in ***ventricular*** myocardium, genotype but not age exerted independent effects, and these two factors additionally exerted interacting effects on Na~V~1.5 expression. Thus, young *Pgc-1β^−/−^* ventricles showed greater Na~V~1.5 expression than young WT. This contrasts with previous evidence for compromised Na~V~1.5 function, particularly reduced (d*V*/d*t*)~max~ suggested in the earlier electrophysiological experiments \[[@B36],[@B40],[@B41]\]. Additionally, gene transcription studies have shown Scn5a to not be affected by either age or *Pgc-1β* deficiency \[[@B72]\]. However, young and old, WT and *Pgc-1β^−/−^* ventricles did not show significant differences in expression of the corresponding Cx43 isoform. Together these findings exclude altered Na~V~1.5 protein expression as being major direct contributors to previous physiological findings reporting reduced atrial and ventricular Na~V~1.5 function \[[@B36],[@B40],[@B41]\]. They are compatible with alterations in connexin-mediated contributions of local intercellular current flow to conduction velocity arising from reduced atrial Cx40 and Cx43 but not ventricular Cx43 protein expression due to effects of age and *Pgc1β*^−/−^ genotype.

In both atria and ventricles, the unchanged level of NaV1.5 is unexpected even though consistent with the unchanged RNA level in both atrial and ventricular tissues \[[@B70],[@B72]\]. This indicates the presence of other mechanisms than altered sodium current to explain the pro-arrhythmic features, for example Ca^2+^ homoeostasis as discussed.

Conclusions {#sec5}
===========

The findings of the present study therefore separate the roles of altered Na~V~1.5, Cx40 and Cx43 ***expression*** from changes in their ***function***, which compromise regenerative inward and local intercellular current generation. This subsequently may produce the pro-arrhythmic reductions in AP conduction seen in ageing or the *Pgc1β^−/−^* genotype. The findings of the present study contrast previously reported ***similar*** pro-arrhythmic electrophysiological atrial and ventricular, age and *Pgc-1β^−/−^* related phenotypes with ***differing*** respective contributions of altered protein expression, and accordingly differing functional effects on ion channels or gap junctions. These functional effects may arise due to the altered Ca^2+^ homoeostasis, oxidative stress or cellular redox potentials associated with the mitochondrial dysfunction accompanying age and/or *Pgc-1β* deletion \[[@B34],[@B35],[@B52]\].
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(d*V*/d*t*)~max~

:   maximal action potential upstroke rate

AF

:   atrial fibrillation

ANOVA

:   analysis of variance

AP

:   action potential

Cx

:   connexin

Cx40

:   connexin 40

Cx43

:   connexin 43

ETC

:   electron transport chain

GAPDH

:   glyceraldehyde 3-phosphate dehydrogenase

HSD

:   honest significant difference

IF

:   immunofluorescence

mtDNA

:   mitochondrial DNA

Na~V~1.5

:   voltage-gated Na^+^ channel

NIF

:   near infrared fluorescence

Pgc-1

:   peroxisome proliferator-activated receptor γ co-activator-1

PVDF

:   polyvinylidene fluoride

ROS

:   reactive oxygen species

RYR2

:   Ryanodine receptor 2

SDS

:   sodium dodecyl sulphate

SDS/PAGE

:   SDS/polyacrylamide gel electrophoresis

SR

:   Sarcoplasmic Reticulum

TBS

:   Tris-buffered saline

WB

:   Western blotting

WT

:   wild-type

*θ*

:   conduction velocity
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